The effect of a transverse tensile stress on the electric-fieldinduced 90°-domain reorientation in tetragonal lead zirconate titanate (PZT) near the morphotropic phase boundary was investigated in situ using X-ray diffraction (XRD). The XRD intensity ratio, I (002) /I (200) , which represents the ratio of the volume of the c-domains to that of the a-domains on the PZT surface, was examined as a function of the electric field at various stress levels. It was found that a transverse tensile stress changes the electric-field dependence of I ( 
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I. Introduction
P IEZOELECTRIC ceramics for advanced actuator applications often require large displacements under high loadings at large electric fields. Under such conditions, the nonlinear piezoelectric effect in piezoelectric ceramics, such as soft lead zirconate titanate (PZT) occurs. [1] [2] [3] [4] [5] [6] The nonlinear piezoelectric effect in such materials is mainly associated with the domain reorientation processes in the materials, especially the non-180°-domain reorientation. To better understand and tailor the piezoelectric performance of piezoelectric ceramics under the application conditions at high electric fields, factors that can affect the field-induced domain reorientation process must be investigated. It should be noted that even though soft PZT has a large piezoelectric effect at large electric fields, significant heating could result because of the associated large dielectric loss. Hard PZT ceramics are generally used for high power actuators.
To generate high displacements, there have been several new flextentional actuators developed in recent years, including the Rainbow, 7 Moonie, 8 Thunder, 9 and PrinDrex 10,11 actuators. A flextentional actuator generally has a piezoelectric coefficient gradient in the thickness direction. When an electric field is applied in the thickness direction, a nonuniform lateral strain distribution developed in the thickness direction causes the actuator to bend, thus producing an axial displacement. The Rainbow actuator consists of a piezoelectric lead lanthanum zirconate titanate (PLZT) plate with one side reduced to a conducting phase. The field-induced axial displacement of a domed Rainbow actuator was 30% to 40% larger than that of their flat counterpart. The enhanced axial displacements have been attributed to the residual transverse tensile stress in the PLZT layer originating from the reduction process. 12 The Thunder actuator consists of a PZT wafer and a thin metal sheet bonded at elevated temperatures using a special polymer adhesive. 13 The enhanced displacements of a Thunder actuator have also been attributed to the residual transverse tensile stress in the PZT layer caused by the thermalexpansion-coefficient mismatch between the PZT layer and the metal layer. The PrinDrex transducers are laminated cosintered ceramic layers of different piezoelectric coefficients. A domed PrinDrex transducer also exhibited enhanced axial displacements. We speculate that residual transverse tensile stress within the PZT layer was also the probable cause.
Regarding the stress effect on the piezoelectric behavior, there have been several studies on the effect of an axial compressive stress on the piezoelectric coefficients (d ij ). 14 -17 An axial compressive stress is generally shown to suppress the piezoelectric coefficients. The effect of an axial compressive stress may be important for direct extension applications, where the mass and pressure loading gives the compressive stress in the direction of actuation. However, a lateral stress plays a more important role in flextentional actuators because, with a flextentional transducer, an axial loading gets amplified in the lateral direction. As far as we know, there has been no study about the effect of a transverse stress on the electric-field-induced domain reorientation, especially at higher electric fields. The purpose of this paper is to investigate the effect of a transverse tensile stress on the electricfield-induced non-180°-domain reorientation in PZT ceramics. The study was conducted on a tetragonal PZT sample with a composition near the morphotropic phase boundary (MPB). The X-ray diffraction (XRD) patterns were obtained in situ by subjecting the samples to an applied electric field at various tensile stress levels. The part of the piezoelectric coefficient that was caused by the domain reorientation, dubbed d 31,domain , was also estimated.
II. Experimental Procedure
The PZT samples used for the present study were made from EC-76 PZT powder (Edo Corp., Salt Lake City, Utah) that was predominantly tetragonal with a composition near the MPB. The dry-pressed green bodies were first sintered in an oxygen atmosphere at 1175°C for 4 h. The sintered ceramics had an apparent density Ͼ98% theoretical density. The ceramics were cut into thin rectangular shims of 2.5 cm ϫ 0.5 cm ϫ 0.06 cm. After polishing, a continuous layer of silver paste was deposited on the bottom surface as the bottom electrode, and a thin strip of silver paste on the top surface for soldering, as is schematically shown in Fig.   S 844 journal 1(a). The deposited silver paste was ϳ1 m thick. After the silver paste was fired at 600°C for 40 min, a continuous gold electrode ϳ200 Å thick was deposited on the top surface to overlap the silver strip. The gold electrode on the top surface was thin enough to allow X-ray penetration. Thin wires were then soldered onto the silver electrode at the bottom and the silver strip on the top for the application of electric fields. Poling was done at 2000 kV/m in silicon oil at 110°C for 30 min. For poled samples, the XRD studies were conducted two days after the poling. A precision strain gauge (Model EA-06-031DE-350, Measurements Group, Inc., Raleigh, North Carolina) was glued to the bottom surface of a sample. The two ends of the sample were then glued to a homemade strain fixture. A schematic of the strain fixture is shown in Fig. 1(b) . By turning the finely threaded screw of the strain fixture, a transverse tensile stress was exerted on the sample. Note that the glue that was applied covered the edge, top, and bottom surface of the PZT. As a result, we expect the applied stress on the top and bottom surface to be similar. The strain was directly read through the strain gauge, and the corresponding stress could be obtained from the product of the strain and the Young's modulus. The fixture was designed to fit into the XRD sample holder. The strain gauge was placed at the bottom surface of the samples. It is assumed that the strain measured at the bottom surface is the same for the top surface, where stress is applied. Because the PZT samples were thin, the strain and stress in the thickness direction were assumed to be uniform. Care was taken not to damage the sample surfaces and edges, so as not to initiate cracks in the presence of the applied tensile stress. The electric field was applied in the thickness direction with a 240 A high-voltage power supply (Keithley Instruments Inc., Cleveland, OH).
The XRD study was conducted in situ on the top surface of the sample that was covered with the thin gold electrode. The CuK␣ radiation was scanned at a rate of 0.6°/min in the range containing the (200) and (002) diffraction peaks. Three different transverse tensile stress levels were applied in the experiment, resulting in strain levels of 0, 750, and 1200 ϫ 10 Ϫ6 . With a Young's modulus of 62.5 GPa for the PZT samples, these strains correspond to stresses of 0, 47, and 75 MPa, respectively. Because the Young's modulus of PZT is nonlinear in the case of appreciable domain switching, these stress levels are approximate values. At each stress level, the XRD pattern was obtained at various electric fields as the electric field was increased from 0 to 900 kV/m, and then decreased to 0. For consistency, at each stress level, the XRD scan began 15 min after the stress was applied. At each electric field, we began the XRD scan 2 min after the electric field was applied. One day of relaxation was allowed between experiments at different stress levels. Because 15 min is relatively short, the low-field domain structure may be more stabilized than at larger fields. However, these kinetic effects are not considered in the present study.
III. Results and Discussions
We refer to domains with their c-axis (polar axis) perpendicular to the XRD planes as c-domains, which were responsible for the (002) diffraction peak. Domains with their c-axis parallel to the XRD planes were referred to as a-domains, which were responsible for the (200) diffraction peak. These domains are schematically illustrated in Fig. 2 . The intensities of the (002) and (200) peaks can be correlated with the populations of the c-and a-domains in the sample. From the change in the intensities of the (002) and (200) peaks, one can infer the change in the populations of the cand a-domains, i.e., domain reorientation. Figure 3 shows the (002) and (200) diffraction peaks of an unpoled PZT sample. The intensity of the (002) peak, I (002) , and that of the (200) peak, I (200) , can be obtained by fitting the diffraction pattern in the vicinity ϳ20 ϭ 45°as a superposition of two Gaussian peaks. An unpoled tetragonal ceramic should have an intensity ratio, I (002) /I (200) , of 0.5 if the distribution of the domain orientation is random. As is shown in Fig. 3 , the unpoled sample exhibited an I (002) /I (200) greater than 0.5, indicating a preference of the domains to orient their polarization direction perpendicular to the surface. The c-domain preference on and near the surface was related to the polishing procedure, which has been previously observed in BaTiO 3 , PZT, and PLZT.
18 -21 Figure 4 shows the (002) and (200) diffraction peaks of an as-sintered sample (solid line), after being polished with 800 grit SiC sand paper (broken line) and a 1 m Fig. 1 . A schematic of (a) the PZT sample and the electrodes, and (b) the strain fixture for the in situ XRD study. speculate that polishing may create defects that contribute to a large internal field near the surface. Although heat treatment at 600°C for 40 min reduced I (002) /I (200) to less than unity, it did not completely remove the polishing-induced c-domain preference on the surface (see Fig. 4 ). As we have illustrated in Fig. 4 , I (002) /I (200) was sensitive to the kind of polishing procedure and heat treatment that was given to the sample prior to the XRD measurement. A different polishing procedure and/or heat treatment can result in a different I (002) /I (200) . For consistency, all samples received the same polishing procedure, i.e., 1 m Al 2 O 3 paste polishing, before the electrodes were deposited, followed by the same heat treatment at 600°C for 40 min after the silver paste was deposited. The effect of a transverse tensile stress on the domain orientation of a poled sample in the absence of an electric field is illustrated in Fig. 5 . The (002) and (200) diffraction peaks of the poled PZT sample at zero electric field are shown at a transverse tensile stress of 0, 47, and 75 MPa. As can be seen, the intensity of the (200) peak increases, and that of the (002) peak decreases with an increasing transverse tensile stress. I (002) /I (200) decreases from 2.43 at ϭ 0 MPa to 2.24 at ϭ 47 MPa and 2.08 at ϭ 75 MPa, where denotes the transverse tensile stress. This illustrates that a transverse tensile stress favors the a-domain orientation and induces some of the c-domains to switch to a-domains.
The diffraction patterns of the (002) and (200) peaks of a poled sample at various electric fields with and without a transverse tensile stress of 75 MPa are shown in Fig. 6 . It can be seen in both sets of curves that the intensity of the (002) peak increased and the intensity of the (200) peak decreased as the electric field was increased. I (002) /I (200) versus the electric field was plotted for all three transverse tensile stresses, i.e., 0, 47, and 75 MPa in Fig. 7 . Figure 7 shows that the effect of a transverse tensile stress is threefold: 47 MPa and 2.08 at 75 MPa. This indicates that a transverse tensile stress favors a-domain orientation as we have also discussed in Fig. 5 .
(2) The presence of a transverse tensile stress changed the way the intensity ratio increased with the electric field. With a zero transverse tensile stress, the intensity increased progressively more slowly as the electric field was increased. The intensity ratio eventually saturated at ϳ3.0 at E ϭ 800 kV/m, where E denotes the electric field. In contrast, with a transverse tensile stress, the intensity ratio increased with an increasing electric field without saturation up to E ϭ 900 kV/m. The intensity especially increased with the electric field with an upward curvature, indicating that the presence of a transverse tensile stress enhanced the switching of a-domains to c-domains at higher electric fields. Because of the enhanced domain reorientation by the transverse tensile stress, I (002) /I (200) reached the same value, ϳ3.0, at E ϭ 900 kV/m for all three stress levels, even though the initial I (002) /I (200) at E ϭ 0 was lower with a transverse tensile stress. The enhanced increase in I (002) /I (200) at higher electric fields by a transverse tensile stress suggested that piezoelectric coefficients could also be enhanced by the transverse tensile stress at higher electric fields.
(3) A transverse tensile stress reduced the degree of irreversibility. As can be seen from Fig. 7 , the domain reorientation process was not entirely reversible. This irreversibility created the hysteresis loops in the intensity ratio versus electric field plots shown in Fig. 7 . For example, after the electric field was increased to 900 kV/m and then reduced to zero, the resultant intensity ratio at zero electric field was different from the initial value. The difference between the zero-field intensity ratio after and before one cycle of electric-field sweep, dubbed ⌬R, may be used as a measure for irreversibility. From Fig. 7 , one can see that ⌬R decreased from 0.4 at ϭ 0 to 0.25 at ϭ 47 MPa and 0.21 at ϭ 75 MPa, indicating that the degree of irreversibility decreases with an increasing transverse tensile stress. The degree of irreversibility may also be caused by the difference in aging time. The long aging time in 
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the case of ϭ 0 resulted in a large ⌬R, while a short aging time in the stressed samples resulted in a smaller ⌬R. We speculate that both the enhancement of the electric-fieldinduced domain reorientation and the decrease of the irreversibility in the presence of a transverse tensile stress can be related to the a-domain preference induced by the transverse tensile stress. As we have shown above, in the absence of an electric field, a transverse tensile stress favored the a-domains. Therefore, in the presence of a transverse tensile stress, there would be more a-domains available for reorientation, hence, more a-domains would be reoriented to c-domains when an electric field was applied, resulting in the observed enhancement in the electricfield-induced domain reorientation. Similarly, when the electric field was turned off, the preference for a-domains at zero electric field by a transverse tensile stress caused more c-domains to reorient to a-domains, resulting in reduced irreversibility.
The volume fraction of the electric-field-reoriented domains, , can be quantified by relating to the change of intensity ratio. 20 We denote the number of unit cells that belong to a-domains at zero electric field as A, and the number of unit cells that belong to c-domains at zero electric field as C. The intensity ratio at zero electric field, denoted as R(0), can be related to C and A as
where 0 denotes zero electric field. When an electric field E is applied, a fraction, n, of the a-domains was reoriented into c-domains. The intensity ratio, R(E), can be related to n, C, and A as
Combining Eqs. (1) and (2), n can be expressed in terms of R(0) and R(E) as
The volume fraction, , of the domains that are reoriented by the electric field can be expressed in terms of R(E) and R(0) as
Using Eq. (4), can be calculated from the intensity ratio shown in Fig. 7 . The resultant is plotted as a function of the applied electric field in Fig. 8 for transverse tensile stresses of 0, 47, and 75 MPa. At zero transverse tensile stress, the volume fraction, , of the reoriented domains increased progressively with an increasing electric field and leveled off at 4 vol% at E ϭ 900 kV/m. The saturation of at higher electric fields with zero transverse tensile stress is reminiscent of the saturation of the zero-stress intensity ratio at higher electric fields. At 47 MPa, continued to increase with an increasing electric field to ϳ6% at 900 kV/m. At 75 MPa, increased with the electric field with an upward curvature , and reached 8% at E ϭ 900 kV/m, about twice that at zero stress.
With a tetragonal crystalline structure, 90°-domain reorientation not only changes the intensities of the (200) and (002) peaks, but also the dimension of the specimen. Knowing the type of domain reorientation, it is possible to quantify the part of the piezoelectric coefficient, d 31 , that is caused by domain reorientation. This can be done by relating the volume fraction, , of the reoriented domains to the strain induced by the electric field. In the following, we estimate the 90°-domain reorientation contribution to the d 31 value. When the electric field E is in the same direction as the polarization as in the present experiment, the strain ε domain (E) in the lateral direction, x, caused by the 90°-domain reorientation by the electric field E, can be expressed as
where L(E) and L(0) denotes the length of the specimen with and without the electric field E in the x-direction. In Eq. (5), the intrinsic contribution of the piezoelectric effect within the domains has been neglected. Denoting (0) as the volume fraction of the a-domains that have their c-axis lying in the x-direction at zero electric field, the length of the specimen in the x-direction may be approximated as
where c and a are the lattice constants of the unit cell in the c-and a-axis, respectively, and (1 Ϫ ) is the volume fraction of the a-domains whose c-axis was perpendicular to the x-direction. With an applied electric field E, the length of the specimen in the x-direction may be approximated as
where (E) and (1 Ϫ (E)) are, respectively, the volume fraction of the a-domains whose c-axis is parallel and perpendicular to the x-direction. In Eqs. (6) and (7), we assume all the domains are either c-or a-domains. This simplification allows us to directly relate the d 31 coefficient to the volume fraction, , of the reoriented domains. As we will show, the estimated piezoelectric coefficient at 400 kV/m agreed with that obtained from the resonance method, indicating that the approximation was reasonable. Because the specimen was isotropic in the lateral direction, we assume (0) ϭ (E) ϭ 1 ⁄2. Substituting Eqs. (6) and (7) into Eq. (5), ε can be expressed as
The part of d 31 that is caused by the 90°-domain reorientation can be estimated as
where d 31,domain denotes the part of d 31 that is caused by domain reorientation. As can be seen from Eq. (9), d 31,domain is directly proportional to because c, a, and R(0) are constants. Using Eq. (9) with c ⁄a ϭ 1.0084, as obtained from the XRD data, and R(0) values, as shown in Fig. 7 , we calculated d 31,domain using the values shown in Fig. 8 . The resultant d 31,domain is plotted as a function of the applied field in Fig. 9 . With zero stress, the calculated d 31,domain was about Ϫ250 ϫ 10 Ϫ12 m/V at E ϭ 400 kV/m, which is comparable to the d 31 value measured from the resonance experiments. It should be noted that the resonance experiments were performed at low fields, and the values obtained from resonance measurements are a rough guide rather than precise values. Nevertheless, the reasonable agreement between the calculated d 31,domain and that from resonance measurements indicates that domain reorientation accounts for most of the d 31 coefficient in these EC-76 PZT materials, which is consistent with the finding in other soft PZT systems. 22 Moreover, the transverse tensile stress showed a profound effect on the estimated d 31,domain at high electric fields. With no transverse tensile stress, d 31,domain became smaller at a high electric field, reflecting the saturation of at higher electric fields. In contrast, with a transverse tensile stress, d 31,domain increased with an increasing electric field. At 75 MPa, d 31,domain changed from Ϫ250 ϫ 10 Ϫ12 m/V at 400 kV/m to Ϫ350 ϫ 10 Ϫ12 m/V at 900 kV/m, an increase of ϳ40% in magnitude. Meanwhile, at 900 kV/m, d 31,domain changed from Ϫ200 ϫ 10 Ϫ12 m/V at zero stress to Ϫ350 ϫ 10 Ϫ12 m/V at 75 MPa, an increase of 75% in magnitude by the transverse tensile stress. These results support that the enhanced axial displacements in the Rainbow, Thunder, and PrinDrex actuators are in part caused by the enhanced piezoelectric coefficient by the transverse tensile stress present in these actuators. The enhanced d 31,domain value at high electric fields is a result of the enhanced domain reorientation at higher electric fields by the transverse tensile stress.
IV. Conclusions
The effect of a transverse tensile stress on the electric-fieldinduced domain reorientation was investigated in situ by measuring the intensity ratio, I (002) /I (200) , of the tetragonal soft PZT in the presence of an electric field, as well as a transverse tensile stress using XRD. The in situ XRD experiments give quantitative information about the 90°-domain reorientation induced by an electric field in the presence of a transverse tensile stress in the soft PZT materials. We showed that a transverse tensile stress changed the electric-field dependence of I (002) /I (200) , especially at higher electric fields. Without a transverse tensile stress, I (002) /I (200) began to saturate at E ϭ ϳ800 kV/m. With a transverse tensile stress of 75 MPa, I (002) /I (200) increased with an upward curvature with the electric field. This indicated that a transverse tensile stress enhanced the field-induced 90°-domain reorientation. With a simple model (Eq. (9)), the part of the piezoelectric coefficient m/V at 75 MPa, an increase of 75% by the transverse tensile stress. The enhanced d 31,domain at higher electric fields in the presence of a transverse tensile stress was caused by the enhanced domain reorientation at higher electric fields by the transverse tensile stress.
